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Introduction {#sec004}
============

MicroRNAs (miRNAs) are small noncoding RNA gene products about 22 nt long and regulate the expression of target genes by complementarily binding to their 3 \'untranslated region (3\'UTR) \[[@pone.0149751.ref001]\]. MicroRNAs play important roles in almost all biological processes and the pathogenesis of various diseases including cancer, cardiovascular and endocrine diseases. For example, the expression of miR-125b, miR-145, miR-21 and miR-155 was abnormal and it was closely related to the progression, metastasis and prognosis of breast cancer \[[@pone.0149751.ref002]\]. Hyperglycemia promoted the development of diabetic complications by decreasing the expression of miR-1 in endothelial cells \[[@pone.0149751.ref003]\]. Another study found that the dysregulation of miRNAs expression in peripheral regulatory T (Treg) cells of newly diagnosed patients with Graves 'disease was associated with the inhibition of retinoic acid signaling pathway and was the major cause of dysfunction of Treg cells \[[@pone.0149751.ref004]\]. Therefore, methods and technologies of miRNA research were studied in depth in order to better reveal the physiological and pathological significance of miRNAs. Currently, commonly used technologies in miRNA research included the detection of miRNA expression using gene chip, high throughput sequencing and quantitative PCR, discovery and verification of miRNA target genes using a dual luciferase reporter vector, high throughput sequencing of crosslinking immunoprecipitation (HITS-CLIP), et.al, wherein the transfection and tracing of miRNA mimic or inhibitor were the key technologies for studying miRNA function \[[@pone.0149751.ref005]\].

Cationic liposomes are the most commonly used method for nucleic acid transfection and can efficiently deliver nucleic acids into cells. Its advantages are convenient, economical, efficient and so on \[[@pone.0149751.ref006], [@pone.0149751.ref007]\]. The positively charged cationic liposomes and negatively charged nucleic acid sequences can form liposome-nucleic acid complexes with positive net charge by electrostatic interactions. Then these complexes bind to cell surfaces and enter the cells by endocytosis \[[@pone.0149751.ref008]\]. In some cells, such as primary cells and suspension cells, the transfection efficiency of cationic liposome-DNA complexes is very low. There are many reasons for the low transfection efficiency. For instance, the proliferation rate of primary cells is relatively low; the membrane composition of cells is different; the heparan sulfate proteoglycan on cell surfaces can interfere the binding of cationic liposomes-nucleic acid complexes to the cell membrane \[[@pone.0149751.ref009]--[@pone.0149751.ref011]\]. In addition, the fluorescent label is an important tracing technology and is widely used in real time PCR, flow cytometry, intracellular localization and detection of molecular interaction \[[@pone.0149751.ref012], [@pone.0149751.ref013]\]. Many fluorescent dyes can be used as markers. The cyanine fluorescent dye (Cy5 and Cy3) is composed of two indole rings and five or three methine groups. It can bind to nucleic acids and proteins in the ground state and its application is very wide. Its advantages include sharp absorption band, high extinction coefficient, less autofluorescence, great photostability and low pH sensitivity \[[@pone.0149751.ref014]\]. Carboxyfluorescein (FAM) is another commonly used fluorescein derivative and its advantages include convenient synthesis, stability in water and so on. FAM can bind to biological macromolecules by two carboxyl groups and be widely used for labeling proteins and nucleic acids in biomedical research \[[@pone.0149751.ref015], [@pone.0149751.ref016]\].

The transfection of fluorescently labeled RNA is one of the commonly used methods to study gene function. There were a lot of studies for optimizing the experimental parameters and were also some studies on its characteristics and mechanism. However, the mechanism of how fluorescently labeled RNA molecules enter cells has remained controversial. Some studies showed that the nucleic acid molecules labeled with cyanine fluorescent dye Cy3 could freely enter cells, but other studies suggested they could not enter cells without liposome and endocytosis \[[@pone.0149751.ref017]\]. The studies focusing on the specificity of transfection are still few so far. However, in some other studies, it was found that strong fluorescence signals were detected on cells when Cy5 or Cy3-labeled siRNA was electrically transfected into cells while the actual transfection efficiency was very low. There were similar results that Cy3-labeled RNA was transfected into Hela cells by lipofectamine \[[@pone.0149751.ref018], [@pone.0149751.ref019]\]. Despite this, the study of these phenomena and their mechanisms was still lacking. A studies suggested that there were nonspecific fluorescence signals when fluorescently labeled miRNAs were transfected into cells and the reason was that fluorescently labeled miRNAs were cleaved by RNAse in culture medium and the cleaved fragments with fluorescent labels diffused into the cells \[[@pone.0149751.ref020]\]. However, many studies have shown that the plasma miRNAs were tolerant to RNAse and were stable for long time \[[@pone.0149751.ref021], [@pone.0149751.ref022]\]. Obviously, more in-depth study was needed in order to clarify the characteristics and specificity of liposomal transfection with fluorescently labeled RNAs, especially miRNAs.

In this study, the miRNAs labeled with different fluorescence dyes were transfected into adherent and suspension cells by liposomal transfection reagent. Then, the characteristics, specificity and potential mechanisms of liposomal transfection of fluorescent-labeled miRNAs were studied. Our results showed that the miRNAs labeled with some fluorescent dyes could bind to the cell surface even without the formation of positively charged liposome-miRNA complexes. The hydrophobic interactions played important roles in this binding process. Moreover, this non-specific binding was associated with cell types, the structure and hydrophobicity of fluorescent dyes. These results implied that it would lead to significant errors in the estimation of transfection efficiency only according to the cellular fluorescence intensity when fluorescently labeled miRNAs were transfected into cells. Therefore, other methods to evaluate the transfection efficiency and more appropriate fluorescent dyes should be used for the accuracy of results.

Materials and Methods {#sec005}
=====================

Cell treatment and transfection {#sec006}
-------------------------------

K562 and Hela cells were obtained from the American Type Culture Collection and were cultured in 1640 medium (Gibco, Life technology, USA) supplemented with 10% fetal bovine serum (Hyclone, Thermo Scientific, USA) in a humidified incubator in 5% CO~2~ at 37°C. For transfection of miRNA, 2.5x10^5^ K562 cells or 1x10^5^ Hela cells were seeded on each well of 12-well plate. After culturing for 24 hours or adherent Hela cells reached approximately 70% confluency, cells were transfected under optimized transfection conditions. Briefly, 3μl lipofection reagent (Lipofectamine RNAiMAX, Invitrogen, USA) was diluted in 50ul serum free medium Opti-MEM (Life Technologies, Carlsbad, CA, USA). Fluorescently labeled miRNAs (Cy5-miR363, Cy5-miR195, Cy5-miR1, FAM-miR195), short random sequence (Cy5-RS: 5'-UCACAACCUCC UAGAAAGAGUAGA-3'; FAM-RS: 5'-UUCUCCGAACGUGUCACGUTT-3') (Ribobio, Guangzhou, China) were also separately diluted in Opti-MEM at working concentration (100nM). Part of them was mixed with diluted RNAiMAX reagent and was allowed to stand for 5min at room temperature to form positively charged liposome-miRNA complexes. A part of K562 or Hela cells were separately mixed with different liposome-miRNA complexes and cultured for different times. A part of K562 or Hela cells were treated only with fluorescently labeled miRNAs for different times. In some experiments, K562 and Hela cells were treated with RNaseA (1mg/ml) for 30min (or methanol/high salt buffer for 10min) after incubation with fluorescently labeled miRNAs with or without transfection reagent.

Flow Cytometry analysis {#sec007}
-----------------------

Twenty four hours after different treatments, Hela cells were treated by trypsin (Gibco, Life technology, USA) and then Hela and K562 cells with different treatments were collected by centrifugation at 500 rpm for 5 minutes. After washing 3 times with phosphate buffer saline (PBS), the fluorescence signals of Cy5 and FAM were respectively detected at 633nm and 488nm wavelength by flow cytometry (BD FACSCalibur, USA). The data were analyzed by Flowjo Software 7.2 (Tree star, Inc. San Carlos, CA).

Laser confocal microscopy detection {#sec008}
-----------------------------------

Twenty four hours after different treatments, the treated Hela and K562 cells were washed 3 times with PBS and then fixed with 4% paraformaldehyde for 30 min. After washing with PBS, some cells were directly analyzed by laser confocal microscope (LSM710, Carl Zeiss, Germany). The other cells were stained with 1ug/ml DAPI (4\', 6-diamidino-2-phenylindole dihydrochloride) in methanol for 25 minutes at 37°C and then analyzed by LSM710. The fluorescence images of Cy5, FAM and DAPI were taken, respectively at 633 nm, 488 nm and 358 nm wavelengths. The total fluorescence intensity per cell (TFIPC) was calculated by ZEN 2009 Light Edition and Imagepro plus software (Media Cybernetics, USA).

High salt wash {#sec009}
--------------

To destroy the electrostatic interactions, the treated Hela and K562 cells were respectively washed with 20mM Tris-HCL/2M NaCl pH7.6 buffer or 10mM KH~2~PO~4~ 350mM KCl pH5.0 buffer. After centrifugation and washing with PBS, the fluorescence signals of Cy5, FAM and DAPI in cells were analyzed using laser confocal microscopy or flow cytometry as described above.

Real-time PCR {#sec010}
-------------

Total RNA of Hela and K562 cells with different treatments were isolated according to the protocol of TRizol reagent (Invitrogen, Carlsbad, CA). RNA concentration was measured by NanoDrop 2000 (Thermo Scientific, Hudson, NH). A part of total RNA was reversely transcripted using a miRCURY LNA Universal cDNA synthesis kit (Exiqon, Vedbaek, Denmark) following the manufacturer's instructions. Quantitative real time PCR of miRNA was performed using Exiqon's SYBR Green Master Mix, specific LNA PCR primer sets were purchased from Exiqon, human U6 was used as reference. A part of total RNA was reversely transcripted by a RevertAid First Strand cDNA synthesis kit (Thermo Scientific, Hudson, NH). Then, quantitative real time PCR was carried out using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, Hudson, NH) to detect the expression of TWF1, a target gene of miR1. The primer sequence was as follows: sense: 5' -GGTGTGGACACTAAGCATCAAACACTACAAGG-3'; anti-sense: 5'-ATCTATTTCCA ACTGCA CATAGTTGAGCTGTC-3'. Human β-actin was used as reference. MiRNA and mRNA was amplified and detected in the IQ5 iCycler (BioRad, Hercules, CA). Results were analyzed by the BioRad standard software (BioRad, Hercules, CA). Experiments were repeated independently for three times.

MiRNA luciferase reporter assay {#sec011}
-------------------------------

The sequences completely complementary to miR363 and miR195 were synthesized and inserted into the multiple cloning site of pGL3 vector (Promega, Madison, WI) to construct miRNA luciferase reporter vectors in accordance with the manufacturer\'s instructions. Then, these vectors were separately co-transfected with pRL-TK vector, which contains Renilla reniformis luciferase reporter gene and was used as an internal reference, into K562 and Hela cells using Nucleofector (Amaxa Biosystems, Cologne, Germany) as described in the manufacturer\'s protocol. Then, the transfected cells were incubated with Cy5-miR363 or FAM-miR195 with or without RNAiMAX reagent. The untreated cells were used as negative control and the cells only co-transfected with miRNA luciferase reporter vector and pRL-TK vector were used as positive control. Luciferase activity was assayed by Dual-Luciferase Reporter Assay System (Promega). The results were presented as 1-RRR (Relative Response Ratio). RRR = (firefly/Renilla of experimental sample--firefly/Renilla of negative control)/ (firefly/Renilla of positive control--firefly/Renilla of negative control). 1-RRR was positively correlated to the amount of intracellular miRNA. The smaller 1-RRR is, the less intracellular miRNA amount is, and vice versa. Experiments were repeated independently for three times.

Surface hydrophobicity detection of cell membrane {#sec012}
-------------------------------------------------

The hydrophobicity of membrane surface of K562 and Hela cells was assayed using microbial adhesion to hydrocarbon (MATH) that was modified according to the protocol described previously \[[@pone.0149751.ref023]\]. Briefly, the cells were centrifuged and resuspended in PBS. The MATH assay hydrocarbon was a mixture of 50% v/v n-hexadecane/toluene (Sigma Chemical Louis, MO). In a clean borosilicate glass tube, 300 μL hydrocarbon was added to 5 mL cell suspension. After vortexing for 2 min, the tube was set aside to rest for 15 min for phase separation. Then, a sample of cell suspension was retrieved from the aqueous phase with a clean Pasteur pipet, while avoiding disturbing the hydrocarbon layer. The concentration of cells initially resuspended in PBS and retrieved from aqueous phase was counted using Z2 particle counter (Beckman Coulter, Miami, FL). Adhesion of cells to the hydrocarbons was evaluated as the fraction partitioned to the hydrocarbon phase (FP = 1− Cf/Co), where Co is the concentration of cells in PBS before mixing and Cf is the cell concentration in aqueous phase after vortexing and phase separation. The larger FP is, the more hydrophobic the membrane surface is.

Fluorescence recovery after photobleaching (FRAP) {#sec013}
-------------------------------------------------

The intracellular trafficking of fluorescently labeled miRNAs after incubating Hela cells and K562 cells with them was investigated in different time points using the fluorescence recovery after photobleaching (FRAP) technique as previously described \[[@pone.0149751.ref024]\]. Briefly, cells were cultured in a glass bottom dish and were treated with Cy5-miR363 or FAM-miR195 with or without RNAiMAX. FRAP experiments were performed on a Zeiss LSM710 laser confocal microscope (Carl Zeiss, Germany) with 63x/1.4 NA oil-immersion objective. Three annular areas were set as background area, target area and control area. Bleaching was executed in the target area by using 488nm- line for FAM or 633nm- line for Cy5 with 40mW argon laser at 80% power and fluorescence recovery was monitored at lower (4%) laser power. Fluorescence intensity of the bleaching region was measured once per 4 seconds until 460 seconds in K562 cells and once per 6 seconds until 1380 seconds in Hela cells.

Hydrophilicity analysis of fluorescent dyes {#sec014}
-------------------------------------------

The hydrophilicity of FAM and Cy5 were analyzed using MARVIN BEANS 16.4 (Chemaxon, Hungary) according to their chemical structures. As described in the software manual and reference \[[@pone.0149751.ref025]\], the Cl^-^ concentration was set to 155 mM and concentration of Na ^+^ and K ^+^ was set to 162 mM and then the LogD value was calculated at pH 7.4. LogD represented the partition coefficient of substance in butanol -n- water and indicated the hydrophilicity, the larger the LogD, the stronger the hydrophobicity.

Statistical analysis {#sec015}
--------------------

In this study, all experiments were repeated at least three times. Data were analyzed using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA). The comparison of mean values of different groups was carried out by t test or ANOVA. P value of \<0.05 was considered statistically significant.

Results {#sec016}
=======

Non-specific binding of fluorescently labeled miRNAs to cell surface independent of sequence {#sec017}
--------------------------------------------------------------------------------------------

MiR-363 or miR-195 labeled with Cy5 was separately transfected into suspension K562 cells using lipofection reagent RNAiMAX. Then the fluorescence signals of Cy5 on K562 cells were analyzed by flow cytometry. The results showed that the percentage of Cy5-positive K562 cells was nearly 100% and this usually implied a nearly 100% transfection efficiency ([Fig 1A and 1B](#pone.0149751.g001){ref-type="fig"}). However, this implication was contradictory to the consistent conclusion that suspension cells were difficult to transfect and the transfection efficiency was very low \[[@pone.0149751.ref026], [@pone.0149751.ref027]\]. Therefore, MiR-363 or miR-195 labeled with Cy5 was separately incubated with K562 cells without RNAiMAX. The analysis of flow cytometry data showed similar results ([Fig 1A and 1B](#pone.0149751.g001){ref-type="fig"}). Clearly, these results suggested that the abnormally high percentage of Cy5 positive cells was probably not caused by the transfection with RNAiMAX but by the non-specific binding of fluorescently labeled miRNAs to cells. To confirm these results, the fluorescence signals of Cy5 in treated K562 cells were detected by laser scanning confocal microscope without nuclear staining by DAPI. The results were consistent with the above results, namely, the fluorescence signals of Cy5 could be detected in K562 cells treated by Cy5-labeled miR-363 and miR-195 with and without lipofection reagent RNAiMAX. Moreover, there was also no significant difference of TFIPC between different miRNAs with the same treatment ([Fig 1C--1E](#pone.0149751.g001){ref-type="fig"}).

![The fluorescently labeled miRNAs could non-specifically bind to cell surface.\
K562 and Hela cells were separately incubated with Cy5-miR-363/ Cy5-miR-195 with or without RNAiMAX. Then the fluorescence signals of Cy5 on K562 and Hela cells were detected by flow cytometry **(A, B)** and laser scanning confocal microscope (LSCM) without nuclear staining using DAPI **(C, D).** Cy5-positive cells (%) and total fluorescence intensity/cell in each group were calculated and presented in figure. Statistical analysis was performed by ANOVA. ▲: P\<0.05 compared with the groups of K562 cells transfected by Cy5-miR363 or Cy5-miR195 with and without RNAiMAX. ★: P\<0.05 compared with the groups of Hela cells transfected by Cy5-miR363 or Cy5-miR195 with and without RNAiMAX. (**E**) The K562 and Hela cells with different treatments were scanned by LSCM without nuclear staining using DAPI. The Cy5 fluorescence image, transmitted light image and merged image of them were shown on figure.](pone.0149751.g001){#pone.0149751.g001}

The complex effects of type of fluorescent dyes and cells on the non-specific binding of fluorescently labeled miRNAs to cell surface {#sec018}
-------------------------------------------------------------------------------------------------------------------------------------

Since the transfection efficiency of nucleic acid was significantly different in adherent or suspension cells, Cy5-labeled miR-363 or miR-195 was separately transfected into suspension K562 cells and adherent Hela cells with and without lipofection reagent. Then the fluorescent signals of Cy5 in cells were detected by flow cytometry. The results showed that the percentage of cy5 positive cells in each group of Hela cells treated by Cy5-miR-363 and Cy5-miR-195 was greater than 95% regardless of with or without lipofection reagent. They were similar to the results of suspension K562 cells ([Fig 1A and 1B](#pone.0149751.g001){ref-type="fig"}). Moreover, the results of laser confocal microscopy showed that nearly all cells without nuclear staining by DAPI were Cy5-positive and the Cy5 fluorescence signals were in line with the characteristics of membrane staining except for the Hela cells treated with lipofection reagent. The TFIPC was not significantly different between Hela cells and the corresponding K562 cells ([Fig 1C--1E](#pone.0149751.g001){ref-type="fig"}).

To clarify whether the non-specific binding of fluorescently labeled miRNAs to cells was related to the types of fluorescent dye, the Cy5 and FAM labeled short random sequences, which were the analog of miRNA, were incubated with K562 and Hela cells with and without lipofectamine reagent RNAiMAX. FAM was another commonly used carboxyfluorescein. The results of flow cytometry analysis indicated that the ratios of Cy5-positive or FAM-positive K562 cells were all over 90% and were not significantly different between with and without RNAiMAX. However, the FAM-positive Hela cells were significantly different between with and without RNAiMAX. About 80% Hela cells treated with RNAiMAX and FAM-RS were FAM-positive while Hela cells treated with only FAM-RS were almost FAM negative and had no significant difference compared with control group. The ratios of Cy5-positive Hela cells were all over 90% regardless of RNAiMAX treatment ([Fig 2A and 2B](#pone.0149751.g002){ref-type="fig"}). The results of laser confocal microscope were also similar to them of flow cytometry. Namely, TFIPC was not significantly different between K562 cells treated with RNAiMAX+FAM-RS and with only FAM-RS. TFIPC of Hela cells treated with RNAiMAX+FAM-RS was significantly higher than only with FAM-RS ([Fig 2C--2E](#pone.0149751.g002){ref-type="fig"}). Additionally, the results of hydrophilic analysis of Cy5 and FAM demonstrated that Cy5 was strongly hydrophobic (LogD = 3.81) and FAM was strongly hydrophilic (LogD = -5.53) at about pH 7.0 ([Fig 2F and 2G](#pone.0149751.g002){ref-type="fig"}). Moreover, the signal of non-specific binding of fluorescently labeled miRNAs to K562 or Hela cells was relatively stable. It continued to weaken and was nearly zero until Day 11. ([Fig 3A and 3B](#pone.0149751.g003){ref-type="fig"}). Furthermore, the results of FRAP experiments showed that this non-specific binding of fluorescent-labeled miRNAs on cell surface could not promote miRNAs entering cells ([Fig 3C--3J](#pone.0149751.g003){ref-type="fig"}). The results of MATH indicated that the membrane surface of K562 was more hydrophobic than it of Hela cells ([S1 Fig](#pone.0149751.s001){ref-type="supplementary-material"}).

![The type of cells and fluorescent dyes influenced on the non-specific binding of fluorescently labeled miRNAs to cell surfaces.\
The percentage of fluorescence-positive cells in each group of K562 cells **(A)** and Hela cells **(B)** treated by Cy5-RS and FAM-RS with and without RNAiMAX was analyzed using flow cytometry and shown on figure. **(C)** K562 cells or Hela cells were treated by FAM-RS with and without RNAiMAX. The images were scanned by LSCM without nuclear staining using DAPI. The FAM fluorescence image, transmitted light image and merged image of them were shown on figure. The total fluorescence intensity per cell (TFIPC) was also calculated in each group of K562 cells **(D)** and Hela cells **(E)** treated by Cy5-RS and FAM-RS with and without RNAiMAX. All statistical analysis was performed by ANOVA. ▲: P\<0.05 compared with the groups of K562 or Hela cells transfected by Cy5-RS with and without RNAiMAX. ★: P\<0.05 compared with K562 cells transfected by FAM-RS with and without RNAiMAX. △: P\<0.05 compared with Hela cells transfected by FAM-RS and RNAiMAX. The structural formula and hydrophilic curve of Cy5 **(F)** and FAM **(G)** showed that Cy5 was strongly hydrophobic with LogD 3.81 and FAM was strongly hydrophilic with LogD -5.53 at pH = 7.0.](pone.0149751.g002){#pone.0149751.g002}

![The fluorescence signals of non-specific binding of fluorescently labeled miRNAs were relatively stable and this non-specific binding could not promote miRNAs entering cells.\
K562 and Hela cells were respectively incubated with Cy5-miR363, Cy5-miR195 and FAM-RS. Then, the total fluorescence intensity per K562 cell (**A**) and Hela cell (**B**) were detected once per two days using laser confocal microscopy. The results were presented as mean ± SD. One-way ANOVA was performed to assess significant differences between the fluorescence intensity of first day and it of other days. P\<0.05 compared to the groups of K562 or Hela cells treated with Cy5-miR363 (▲), Cy5-miR195 (★) and FAM-RS (△) in other days. K562 cells were treated with FAM-miR195 (**C**, **D**) or Cy5-miR363 (**E**, **F**) with and without RNAiMAX reagent. Then, FRAP was performed as described in Materials and Methods. Total fluorescence intensity/cell was detected once per 4 seconds until 460 seconds. Results showed that fluorescence signals of the region where the fluorescence had been bleached by high-energy pulsed laser could not recover as time went by in all groups. Hela cells were also treated with FAM-miR195 (**G**, **H**) or Cy5-miR363 (**I**, **J**) with and without RNAiMAX reagent. FRAP was performed and total fluorescence intensity/cell was detected once per 6 seconds until 1380 seconds. In Hela cells treated only with Cy5-miR363 or FAM-miR195, the results were similar to that of K562 cells. In Hela cells treated with Cy5-miR363 or FAM-miR195 and RNAiMAX, fluorescence signals of the region where the fluorescence had been bleached recovered in about 16 minutes because of the high transfection efficiency of RNAiMAX in Hela cells. All results were presented as mean ± SD.](pone.0149751.g003){#pone.0149751.g003}

The important roles of hydrophobic interactions in non-specific binding of fluorescently labeled miRNA to cell surface {#sec019}
----------------------------------------------------------------------------------------------------------------------

Electrostatic and hydrophobic interactions are the most common cause of intermolecular interactions. High salt buffers and organic solvents can destroy them. To reveal the potential mechanisms of non-specific binding of fluorescently labeled miRNA to cell surface, K562 and Hela cells that were treated by Cy5-miR363, Cy5-miR195 and FAM-RS with and without RNAiMAX were nuclear staining using DAPI which was dissolved in pure methanol. The results showed that the fluorescence intensity of cells treated with Cy5 or FAM labeled miRNAs was significantly higher than untreated cells. The TFIPC of K562 cells decreased significantly after nuclear staining using DAPI since the suspension cells were difficult to transfect. However, the fluorescence signals of Cy5 and FAM in Hela cells treated with RNAiMAX and fluorescent-labeled miRNAs was still very obvious after nuclear staining using DAPI. The fluorescence signals of Cy5 and FAM in Hela and K562 cells treated with only fluorescence-labeled miRNAs nearly disappeared after nuclear staining using DAPI ([Fig 4A](#pone.0149751.g004){ref-type="fig"}). In addition, the treatment with 4% paraformaldehyde in sample processing had no effect on the results. However, the effect of RNase treatment was similar to that of methanol treatment. Namely, RNase treatment was able to abrogate the non-specific binding in the same way of organic solvent ([S2 Fig](#pone.0149751.s002){ref-type="supplementary-material"}).

![The hydrophobic interaction played important roles in the non-specific binding of fluorescently labeled miRNA to the cell surface.\
K562 and Hela cells were treated with FAM-RS, Cy5-miR195 and Cy5-miR363 with and without RNAiMAX. Part of them was nuclear-stained by DAPI that dissolved in pure methanol **(A)** or washed by the high salt buffer (cationic and anionic) **(B)** respectively. Then, the fluorescence signals of Cy5 and FAM were detected by LSCM. Total fluorescence intensity/cell of each group was calculated and presented in figure. Statistical analysis was performed by One-way ANOVA. The groups in the same color block were treated with the same fluorescently labeled RNA sequence. ▲: P\<0.05 compared with the groups of K562 or Hela cells not indicated by solid black triangle. ★: P\<0.05 between the groups of K562 and Hela cells with the same treatment.](pone.0149751.g004){#pone.0149751.g004}

The above groups were treated with high salt buffers that could destroy the electrostatic interactions. The results of laser confocal microscopy showed that a high salt solution had no effect on the non-specific binding of fluorescently labeled miRNAs to cell surfaces. The ratios of positive cells and TFIPC of Cy5 and FAM in K562 cells transfected by Cy5-miR363, Cy5-miR195 and FAM-RS were not significantly different in groups with and without RNAiMAX treatment. The results of Hela cells were similar to the aforesaid results. Namely, TFIPC of FAM in Hela cells without RNAiMAX treatment was almost zero and high salt solution had no effect on this outcome ([Fig 4B](#pone.0149751.g004){ref-type="fig"}). Clearly, these results indicated that hydrophobic interactions might play key roles in the non-specific binding of fluorescently labeled miRNAs to the cell surface.

To further confirm the above results, K562 and Hela cells that were treated by FAM-miR195 and Cy5-miR363 as described above. Then, the amount of these two miRNAs was assayed using qPCR and luciferase reporter assay. The results of qPCR were consistent with that of [Fig 4](#pone.0149751.g004){ref-type="fig"} ([Fig 5A and 5B](#pone.0149751.g005){ref-type="fig"}). The results of luciferase reporter assay showed that the luciferase activity of all groups of K562 cells was not influenced by different treatments and 1-RRR of different treatment groups was not significantly different to each other. This is because the transfection efficiency of RNAiMAX in K562 cells is very low and fluorescent-labeled miRNAs cannot be transfected into K562 cells. On the contrary, the transfection efficiency of RNAiMAX in Hela cells is very high and fluorescent-labeled miRNAs were easily transfected into Hela cells. Therefore, methanol and high salt treatment could not influence the effects of miRNAs that had been transfected into Hela cells. Regardless of treatment of methanol/high salt, 1-RRR of Hela cells treated with fluorescently labeled miRNAs and RNAiMAX reagent was significantly higher than that of other groups of Hela cells. ([S3 Fig](#pone.0149751.s003){ref-type="supplementary-material"}).

![Real time PCR confirmed the important roles of hydrophobic interaction in non-specific binding of fluorescently labeled miRNA to the cell surface.\
K562 and Hela cells were treated with FAM-miR195 and Cy5-miR363 with and without RNAiMAX. Part of them was washed by methanol or high salt buffer (cationic and anionic) respectively. Then, the amount of these two miRNAs in cells with methanol washing (**A**) and high-salt washing (**B**) was assayed using real time PCR. The groups in the same color block were treated with the same fluorescently labeled RNA sequence. Results were presented as fold change of miRNA expression compared to untreated cells. Additionally, K562 and Hela cells were treated by Cy5-miR1 with and without RNAiMAX. Part of them was also washed by methanol or high salt buffer (cationic and anionic) respectively. Then, Twf1 (target gene of miR1) expression in all groups of K562 cells (**C**) and Hela cells (**D**) was detected using real time PCR. Results were presented as fold change of Twf1 expression compared to the untreated cells. A positive number indicated up-regulation and a negative number indicated down-regulation. All data were shown as mean ± SD. Statistical analysis was performed by One-way ANOVA. ▲: P\<0.05 compared with the groups of K562 or Hela cells not indicated by solid black triangle. ★: P\<0.05 between the groups of K562 and Hela cells with the same treatment. \*: P\<0.05 compared with the groups of Hela cells not indicated by asterisk.](pone.0149751.g005){#pone.0149751.g005}

Additionally, the analysis of expression level of miRNA target gene might be another good index of transfection rate to distinguish the non-specific binding. Thus, the expression of Twf1, a target gene of miR1 was analyzed using qPCR. For K562 cells, miR1 could not enter cells and inhibit its target gene expression because of the low transfection efficiency of RNAiMAX. Therefore, although the fluorescence signal in K562 cells treated with Cy5-miR1 was significantly increased compared to untreated cells, Twf1 expression did not change. After treatment with methanol, the fluorescence signal was similar to untreated cells since the non-specifically binding of Cy5-miR1 was washed, whereas the Twf1 expression remained unchanged ([S4 Fig](#pone.0149751.s004){ref-type="supplementary-material"} and [Fig 5C](#pone.0149751.g005){ref-type="fig"}). For Hela cells, the results of cells without treatment of RNAiMAX were similar to that of corresponding K562 cells. However, because of the high transfection efficiency of RNAiMAX in Hela cells, Twf1 expression in Hela cells with treatment of RNAiMAX was significantly decreased regardless of methanol and high salt buffer treatment ([S4 Fig](#pone.0149751.s004){ref-type="supplementary-material"} and [Fig 5D](#pone.0149751.g005){ref-type="fig"}). All these results suggested that the fluorescent-labeled miRNAs could non-specifically bind to cell surface by hydrophobic interaction and organic solvent could reduce the non-specific binding to some extent.

Discussion {#sec020}
==========

Transfection of exogenous miRNAs is an important technology for functional studies of miRNAs and the transfection efficiency determines the success or failure of the experiments. Many fluorescent dyes can be labeled on nucleic acid sequences and indicate their locations, which can be used to assess the transfection efficiency of cells. Therefore, the non-specific binding of fluorescently labeled nucleic acid sequences to the cell surface would seriously interfere with the results of the assessment. So far, some studies have reported that there were non-specific binding when fluorescently labeled siRNAs or miRNAs were transfected into different cells \[[@pone.0149751.ref017], [@pone.0149751.ref018]\]. The mRNAs labeled with Cy3, which is another cyanine fluorescent dye, could non-specifically bind to the cell surface when they were transfected into Hela cells with lipofectin \[[@pone.0149751.ref019]\]. Another study found that there were also non-specific binding of fluorescently-labeled proteins to living cells \[[@pone.0149751.ref028]\]. These results suggested that the non-specific binding of fluorescently labeled biomolecules to the cell surface might be a widespread phenomenon. Our results also indicated the non-specific binding of fluorescent-labeled miRNAs to the cell surface, which was consistent with the previous studies. This study also showed that this non-specific binding was related not to the miRNA sequences but to the types of cells and fluorescent dyes. The non-specific binding of hydrophilic fluorescent dyes (e.g. FAM) was significantly weaker than that of hydrophobic fluorescent dyes (e.g. Cy5) and that in adherent cells which were easily transfected with nucleic acid sequences was also significantly weaker than that in suspension cells which were hard-to-transfect. These studies indicated that it would lead to significant errors in the estimation of transfection efficiency only according to the ratios of fluorescent-positive cells and would interfere with the subsequent experiments because of the non-specific interaction of the fluorescently labeled RNA with cells. However, the aforementioned non-specific interaction was not much reported and fully recognized until now. One of the reasons might be that PCR or Western Blot were often used for assessing transfection efficiency in many studies of miRNA function \[[@pone.0149751.ref029], [@pone.0149751.ref030]\]. Despite this, the ratio of fluorescent-positive cells was still used for assessing transfection efficiency in high-throughput studies in which the transfection efficiency needed to be evaluated quickly \[[@pone.0149751.ref031], [@pone.0149751.ref032]\]. Therefore, the non-specific binding described in this study should be paid more attention and be studied in-depth.

The mechanism studies of non-specific binding of fluorescently labeling miRNAs to cells are still few. Non-specific binding of biological macromolecules is a common phenomenon, which is mainly caused by non-covalent interactions between molecules (such as hydrogen bonding, electrostatic force, hydrophobic force and van der Waals forces, etc). On the other hand, these non-covalent interactions are also important for the specific interactions between biological macromolecules. Of course, the structural adaptation of macromolecules is the basis for ensuring the specificity of interactions. The complexes of positively charged liposomes and negatively charged miRNAs labeled with fluorescent dyes are still positively charged. The cell surface is negatively charged and therefore the positively charged liposome-miRNA complexes can bind to cell surface by electrostatic interactions, then they enter cells through endocytosis. This is the main mechanism of liposomal transfection. However, our study showed that a high salt buffer, which could destroy the electrostatic interactions, could not reduce the non-specific binding of fluorescently labeled miRNA to the cell surface. This indicated that electrostatic interactions might not be the main reason for this non-specific binding. Some studies analyzed the interactions of T47D cells with proteins labeled by Alexa Fluor, Atto and cyanine dyes as well as their chemical properties. They found that hydrophobic fluorescent dyes could non-specifically bind to cells by hydrophobic interactions \[[@pone.0149751.ref028]\]. Other studies demonstrated that water-soluble fluorescent dyes could also interact with the lipid bilayer \[[@pone.0149751.ref025]\]. Our study was consistent with the aforementioned results. Namely, the hydrophobic interaction was the important reason for the non-specific binding of fluorescently-labeled miRNA to cells. The treatment of organic solvent could reduce the fluorescence signals caused by the non-specific binding to the cell surface. Moreover, this non-specific binding was closely related to the types of cells and fluorescent dyes. The non-specific bindings of hydrophobic fluorescent dyes to suspension cells were more obvious than that of hydrophilic fluorescent dyes to adherent cells. The mechanism of this difference was very complex. Our results indicated that non-specific binding occurred mainly on cell surface and hydrophobic interactions played a key role in it. Moreover, the surface hydrophobicity of K562 cell membrane was stronger than that of HeLa cell membrane. Therefore, the different hydrophobicity of fluorescent dyes including Cy5 and FAM as well as of the membrane surface of might be involved in the non-specific bindings. Hydrophobic Cy5 could bind more tightly to K562 cells than to Hela cells because of the more hydrophobic surface of K562 cell membrane. Overall FAM is hydrophilic and its hydrophobic groups could still bind to the strong hydrophobic surface of K562 cell membrane, while the binding of FAM to the weak hydrophobic surface of HeLa cell membrane was relatively weak. However, it should be noted that this study only preliminarily investigated the non-specific binding of fluorescently labeled miRNAs in the process of liposomal transfection and the studied fluorescent dyes, nucleic acid sequences and the cell types were relatively few. In fact, more in-depth study on this issue and its mechanism is currently underway in our lab.

In summary, the transfection of miRNA was one of the most commonly used methods for functional studies of miRNAs. The non-specific binding of fluorescently labeled miRNA to cell surface would seriously affect the accuracy and reliability of the results. So far, studies on the mechanism of the above-mentioned non-specific binding have not been reported much and did not attract enough attention. To our knowledge, this study firstly revealed that the fluorescently labeled miRNAs could non-specifically bind to the cell surface by hydrophobic interaction and it was particularly significant in terms of suspension cells and hydrophobic fluorescent dyes. This non-specific binding could be removed by washing cells with organic solvents. Our study implied that the more appropriate fluorescent dyes should be selected in actual experiments according to the studied cell types for ensuring the accuracy of the results.

Supporting Information {#sec021}
======================

###### Surface hydrophobicity assay of K562 and Hela cell membrane.

K562 and Hela cells were cultured in recommended conditions. Then, cells were harvested and resuspended in PBS. The cell surface hydrophobicity of K562 and Hela cells was evaluated using microbial adhesion to hydrocarbon (MATH) as described in Materials and Methods. Data were presented as mean ± SD. Statistical analysis was performed by t test and p value was shown in figure. FP means the fraction partitioned to the hydrocarbon phase (FP = 1− Cf/Co), where Co is the concentration of cells in PBS before mixing and Cf is the cell concentration in aqueous phase after vortexing and phase separation.

(TIF)

###### 

Click here for additional data file.

###### RNase treatment was able to abrogate the non-specific binding in the same way of organic solvent.

K562 and Hela cells were incubated with FAM-miR195 and Cy5-miR363 with and without RNAiMAX. Part of them was treated with RNaseA. Then, the amount of these two miRNAs in K562 cells (**A**) and Hela cells (**B**) was assayed using real time PCR. Results were presented as fold change of miRNA expression compared to control, namely, the untreated cells. Additionally, the fluorescence intensity of K562 cells (**C**) and Hela cells (**D**) was also detected by laser confocal microscopy. All data were presented as mean ± SD. All statistical analysis was performed by one-way ANOVA. ▲: P\<0.05 compared with the groups of K562 or Hela cells not indicated by solid black triangle.

(TIF)

###### 

Click here for additional data file.

###### Luciferase reporter assay confirmed the important roles of hydrophobic interaction in non-specific binding of fluorescently labeled miRNA to the cell surface.

The luciferase reporter vector pGL3-miR363 and pGL3-miR195 were separately co-transfected with pRL-TK vector into K562 and Hela cells using Amaxa Nucleofector. Then, the transfected cells were incubated with FAM-miR195 or Cy5-miR363 with or without RNAiMAX reagent. Part of cells was washed by methanol (**A**) or high salt buffer (cationic and anionic) (**B**) respectively. The untreated cells were used as negative control and the cells only co-transfected with pGL3-basic and pRL-TK vector were used as positive control. Luciferase activity was assayed by Dual-Luciferase Reporter Assay System. Results were presented as 1-RRR (Relative Response Ratio). RRR = (firefly/Renilla of experimental sample--firefly/Renilla of negative control)/(firefly/Renilla of positive control--firefly/Renilla of negative control). 1-RRR was positively correlated to the amount of intracellular miRNA. The smaller 1-RRR is, the less intracellular miRNA amount is, and vice versa. Data were presented as mean ± SD. All statistical analysis was performed by one-way ANOVA. ▲: P\<0.05 compared with the groups of K562 or Hela cells not indicated by solid black triangle. ★: P\<0.05 between the groups of K562 and Hela cells with the same treatment.

(TIF)

###### 

Click here for additional data file.

###### Fluorescence signal of K562 and Hela cells treated with Cy5-miR1.

K562 and Hela cells were treated by Cy5-miR1 with and without RNAiMAX. Part of them was nuclear-stained by DAPI that dissolved in pure methanol or washed by the high salt buffer (cationic and anionic) respectively. Then, the fluorescence signals of Cy5 were detected by laser confocal microscopy. The total fluorescence intensity per cell of each group was calculated and presented in figure. Data were presented as mean ± SD. Statistical analysis was performed by One-way ANOVA. ▲: P\<0.05 compared with the groups of K562 or Hela cells not indicated by solid black triangle. ★: P\<0.05 between the groups of K562 and Hela cells with the same treatment.

(TIF)

###### 

Click here for additional data file.
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